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ABSTRACT 
DISTRIBUTION OF ENTEROTOXIGENIC CLOSTRIDIUM PERFRINGENS SPORES 
IN U.S. RETAIL SPICES 
SEPTEMBER 2016 
CHI-AN LEE, B.S., NATIONAL TAIWAN OCEAN UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Ronald Labbe 
246 samples of bulk and packaged spices from retail stores in the western, 
southeastern, southern, midwestern, and northeastern areas of the U.S. were examined for 
the presence of Clostridium -perfringens.  Isolates were checked for the presence of the 
lecithinase gene (cpa) and enterotoxin genes (cpe) by PCR. Enterotoxin formation during 
sporulation was investigated using the Oxoid Toxin Detection Kit. Forty-three confirmed 
isolates (from 17% of total samples) were cpa-positive. Of those, 27 were cpe-positive. 
Together, levels of C. perfringens spores ranged from 3.6-2400/gm. The amount of 
enterotoxin in cell extracts ranged from 2-16 ng/ml. Some of the SEM images of isolated 
spore (# 78) and one plasmid-borne ent control (FD-153) showed an organized surface 
structure termed “candy-wrapper”. This extracellular structure remained after treatment 
with 0.1 % SDS for 1 hr, suggesting it was not composed of membrane debris from the 
mother cell. The D values of spores ranged from 1.19- 3.31 min. The addition of 
lysozyme in the plating medium elevated the recovery rate of heat-treated spores. The 
growth rate of a cocktail of spores from spices (# 31, # 32, # 45) between 4 to 5 hr after 
inoculation was determined with a doubling time of 6.82 min in hamburger.  A cocktail 
of spores of plasmid-borne ent control showed an optimum growth rate between 5 to 8 hr 
after inoculation with doubling time of 15.98 min. However; spice isolate cocktail, 
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plasmid-borne ent control cocktail (FD-5603 and FD-153), and a chromosome-borne ent 
control (NTCT 8239) were unable to germinate and outgrowth at 20oC. Inoculation in 
laboratory medium FTG indicated the same result as hamburger at 20oC. The ability of C. 
perfringens spores in spices to potentially survive cooking procedures can be followed by 
germination and growth of vegetative cells during improper cooling to levels associated 
with foodborne illness caused by this organism. Our results suggest that retail spices are 
potential vehicles of transmission of enterotoxin-positive C. perfringens. 
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CHAPTER 1 
INTRODUCTION 
Recent outbreaks of illness due to pathogens in spices have highlighted this 
commodity as a potential vehicle of foodborne illness.  High levels of bacterial spores, 
which are able to survive cooking procedures, have long been known to be associated 
with spices.  Clostridium perfringens is a leading cause of cases foodborne illness in the 
U.S. due to its ability to produce an enterotoxin, CPE.  Previous surveys of its presence in 
spices, some going back decades, did not assess its toxin-producing ability. Though C. 
perfringens is widely distributed in various commodities, the presence of the cpe gene 
varies widely among isolates of C. perfringens.  The public health importance of this 
organism, whether from outbreak- or non-outbreak foods, cannot be determined by the 
presence of the organism alone, even at high levels.  We therefore determined the current 
levels and potential toxigenicity of isolates of this organism from retail spices from 
several geographical areas of the U.S.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 C. perfringens  
Clostridium perfringens is an encapsulated, non-motile, Gram-positive, anaerobic, 
spore-forming rod. It is naturally occurring in many environmental sources such as soil, 
and is also commonly found in raw meat and animal gastrointestinal tract. Unlike strict 
anaerobes, C.  perfringens can tolerate brief exposure to atmospheric conditions.  It 
possesses one of the shortest generation times of any bacteria, well below 10 min under 
ideal conditions.  Its optima temperature is in the 43-45°C range (Labbe and Juneja, 
2006; Center for Disease Control and Prevention, 2014) More than a dozen extracellular 
toxins are produced by C. perfringens (Table 2.1,2.2). Strains are characterized into five 
toxin types A-E, based on the ability to produce four extracellular toxins: alpha, beta, 
epsilon, and iota (Table 2.3.). Notably, all strains can produce Toxinlecithinase, also 
known as phospholipase C).  
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Table 2.1: Extracellular toxins of C. perfringens (Labbe, 1989) 
  Occurrence in filtrates of C. 
perfringens typesa 
Designation Activity A B C D E 
 Lethal, necrotizing, hemolytic 
lecithinase C 
+++ + + + + 
 Lethal, necrotizing - +++ +++ - - 
 Lethal - + + - - 
 Hemolytic, lethal - + ++ - - 
 Lethal, necrotizing (activated by 
trypsin) 
- ++ - +++ - 
 Lethal (validaity questionable) (+) - - - - 
 Hemolytic (oxygen-liable, lethal) ++- + + + + 
 Necrotizing, lethal (activated by 
trypsin) 
- - - - ++ 
  Collagenase (lethal, necrotizing, 
gelatinase) 
++ - + +- + 
 Proteinase (disintegrates Azocoll 
and hide powder but not collagen; 
gelatinase) 
- +++ - +- + 
 Hyaluronidase +- + - +- - 
 Deoxyribonuclease + + + + + 
a+++, present in most trains; ++- or +-, present on some strains; (+), limited to very few 
strains; -, not present in any strains.  
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Table 2.2:  Toxins among the Types of C. perfringens, excluding enterotoxin (Labbe, 1989) 
 Toxins 
Type Disease             
A Gas gangrene, food 
poisoning 
 - - - - + + - + - ++ ++ 
B Lamb dysentery  +++ ++ + +++ o ++ - - +++ +++ ++ 
 Enterotoxin of sheep and 
goats 
 +++ o - +++ o +++ - +++ - - + 
C Enterotoxemia, “struck” of 
sheep 
 +++ ++ +++ - o +++ - +++ - - ++ 
 Enterotoxemia of calves, 
lambs 
 +++ o - - o +++ - +++ - - ++ 
 Enterotoxemia of piglets  +++ o - - o ++ - ++ - + +++ 
 Neucrotic enteritis of 
humans (Germany) 
 +++ +++ - - o - - - - - +++ 
 Necrotic enteritis of 
humans (Papua New 
Guineas) 
 +++ o - - o ++ - ++ - ++ o 
D Enterotoxemia of 
sheep,goats, cattle 
 - o - +++ o +++ - ++ ++ ++ ++ 
E Pathogenicity doubtful  - o - - o +++ +++ +++ +++ + ++ 
+++, Produced by most strains; ++, produced by some strains; +, produced by a few strains; -, not produced; o = not tested. 
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Table 2.3: Distribution of major lethal toxins among types of C. perfringens (Labbe, 
2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Type Lethal Toxin 
 Alpha Beta Epsilon Iota 
A + - - - 
B + + + - 
C + + - - 
D + - + - 
E + - - + 
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 Among five serotypes, type A is the one associated with foodborne illness. 
However, enteritis necroticans due to Type C occurred in Germany post World War II, 
caused by consumption of canned meat.   It was also reported in New Guinea Highlands 
following ritualistic pig feasting, perhaps from Type C spores in the soil.   
After Salmonella C. perfringens is the second most common cause of cases of 
bacterial foodborne illness in the U.S.  (Scallan et al., 2011). It contributes to 10.3 % of 
foodborne illness and 0.8 % of hospitalization and 1.9 % of death annually. In 2013, the 
economic burden caused by this organism was $342,668,498 (2 % of all foodborne 
disease). The onset of symptoms, including diarrhea, gassy bloating, and abdominal 
cramp, usually starts 8-12 hour after ingestion and will last less than 24 hour. 
Complications are rare; yet, the very young, elderly, or immunocompromised patient are 
more likely to have prolonged or severe symptoms. It is necessary for isolates to carry the 
enterotoxin gene in order to cause foodborne illness. The intracellular enterotoxin is 
produced during sporulation of ingested vegetative cells in the small intestine. It is also 
required to ingest large number of vegetative cells (usually more than 6 log10); yet, since 
C. perfringens can multiply rapidly in ideal environments, it does not take as long a 
period of time for growth as required by other pathogens. (FDA, 2015; USDA, 2015)  
C. perfringens can produce heat-resistant spores that are able to survive routine 
cooking temperature. Nonetheless, they only sporulate reluctantly. A mature spore 
exhibits distinct structures such as core cortex, spore coat layer, and subcoat region. 
Because of the low water content in spores, sporulating cells can be easily seen in 
laboratory media by phase contrast microscopy. The spore cortex is composed of 
peptidoglycan, a carbohydrate-peptide polymer. During germination, the coat/subcoat 
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area is hydrolyzed by spore-lytic enzymes (Scallan, et al. 2011; Gombas and Labbe, 
1985).   
Even in specific sporulation media, not all strains respond with a high percentage 
of sporulating cells. However, some adjuncts such as methylxanthines (caffeine and 
theobromine) can elevate the level of sporulation. Bile salts, human intestinal contents, 
and bovine feces can also enhance the sporulation process. Heat-resistant spores can be 
observed 3-4 hours after inoculation of vegetative cells into sporulation medium. Within 
7-8 hours, maximum spore levels are reached. After around 10 hours, the mature spore 
and toxin are released from the mother cell, at which point CPE is detectable in the 
culture fluid. Often, heat-resistant spores of C. perfringens are involved in a foodborne 
illness outbreak because their ability to survive heat processing steps. Interestingly, not 
all C. perfringens can produce equally-heat resistant spores. When considering heat 
resistance, genetic difference does play a major role among C. perfringens.  Other factors 
such as heating medium used to perform inactivation, and spore recovery media can both 
affect spore heat resistance.  
At the molecular level, the N-terminus of C. perfringens enterotoxin (CPE) is 
involved with membrane insertion and cytotoxicity while the C-terminal is responsible 
for binding. The calcium-independent claudin family was proven to be functional CPE 
receptors. Several transmembrane proteins are a part of the claudins that form an 
important part in epithelial tight junctions. Following initial binding, a small (90 k-Da) 
then a large (160 k-Da) complex developes. The large one causes the membrane to lose 
its natural permeability properties. It initially only allows small molecules such as amino 
acids and ions of MW less than 200. A pore structure forms; the specific mechanism 
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remains obscure. The second step is the inhibition of RNA, DNA, and protein synthesis. 
Subsequently, calcium-dependent permeability changes to allow even larger particles of 
up to 3-5 kDa plus morphological damage, bleb formation for example. The altered 
permeability causes macromolecular precursors and viability loss. Intestinal epithelial 
cellular structure damage can be observed microscopically afterward  (Labbe and Juneja, 
2006). 
 2.2 Spices  
The International Standard Organization (ISO) defines spices as “vegetable 
products or mixtures thereof, free from extraneous matter, used for flavoring, seasoning 
and imparting aroma in foods” (ISO, 1995)  
More and more microbiological publications have focused on spices recently 
mainly for following three reasons: a) they exhibit antimicrobial activity and potentially 
aid in preservation; b) they may contain elevated  numbers of microorganisms that may 
cause spoilage or sometimes illness when introduced into food; c) they can support mold 
growth if improperly dried or allowed to become moist in storage, leading to spoilage and 
sometimes mycotoxin production. (Aguilera, et al. 2005; Bajpai, et al., 2008; Brandi, G., 
2006; Burt, 2004; Burt, et al., 2007; Chen, et al., 2008; Fisher, and Phillips, 2006; Goni, 
et al., 2009; Gutierrez, et al., 2008; Jayaprakasha, 2007; Julseth and Deibel, 1974; 
Kluwer Academic/Plenum Publishers. 2005, Know, et al., 2008; Lanciotti, R., 2004; Lis-
Balchin, et al., 2003; Proestos, et al., 2008; Rameshkumer, et al., 2007; Romeo, et al., 
2008; Tsigarida, et al., 2000). 
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With the increasing preference for the absence of chemical preservatives and 
chemical antimicrobials in foods, spices and herbs are now a potential alternative. 
Despite the unique flavoring effects, some spices and herbs have antimicrobial effects 
that can be combined with traditional technologies, such as vacuum packaging, to provide 
synergistic effect against plant and human pathogens. For example, vacuum packing and 
oregano essential oils (EOs) were proven a synergistic effect against Listeria 
monocytogenes (Tsigarida, et al. 2000). These active compounds include phenols, 
alcohols, aldehydes, ketones, ethers and hydrocarbons, especially in such spices as onion, 
garlic and cinnamon. The antimicrobial action includes attacking the bilayer cell wall of 
phospholipid, disrupting enzyme systems, compromising the genetic material of bacteria, 
and forming fatty acid hydroperoxidase caused by oxygenation of unsaturated fatty acid. 
Gram-negative bacteria are usually more resistant to the plant-origin antimicrobials and 
even show no effect, compared to Gram-positive bacteria. However, the antimicrobial 
efficiency of plant origin antimicrobials relies on factors such as extracting EOs, 
concentration of EOs, the volume of inoculum, growth phase, culture medium used, and 
intrinsic or extrinsic properties of the food such as pH, fat, protein, water content, 
antioxidants, preservatives, incubation time/ temperature, packaging procedure, and 
physical structure of foods. For example, high-fat-content of the food materials has 
effects on the application of EOs because of the lipid solubility of EOs compared to 
aqueous parts of food. (Tajkarimi et al. 2010).  
The role of spices and herbs as antimicrobial agents have been studied based on 
four categories: screening tests, the combination of specific food-borne bacteria (usually 
pathogens and specific spices), antifungal activities, and specific active compounds. The 
10 
 
degree of inhibition can be influenced by the concentration of the active component(s), 
the food matrix, the method used to determine the inhibitory capacity, the solubility of 
the large substances in the different composition of food or the target microorganisms. 
(ICMSF, 2005).  Spices and herbs are processed immediately after harvesting. The usual 
steps are cleaning, curing, drying, grinding, and pulverizing. Mild heat sometimes is used 
alone as an extra step or in combination with acidification in order to obtain shelf stable 
products, for example, garlic. When considering microbial safety, a number of 
technologies are applied to eliminate pathogens. (1) Gas treatment: such as methyl 
bromide or ethylene oxide. The range of concentration used of ethylene oxide in dry food 
commodities is 400 – 1000 mg/L. The moisture content of the spice to be treated should 
be as high as possible but compatible with keeping quality. (2) Irradiation: A radiation 
dose of up to 20 kGy may be required to reach commercial sterilization, i.e., total viable 
cell count of < 10 cfu/g, in natural spices and herbs. Yet, doses of 3 – 10 kGy can reduce 
viable cell counts to a satisfactory level without sacrificing quality attributes. D values 
derived from irradiation of spice samples are similar to those acquired for related pure 
culture of aerobic spore-formers in aqueous systems. No post-irradiated recovery of 
surviving microorganisms has been observed in some cases. (3): Other decontamination 
methods. Since the delicate flavor and other essential compounds of many spices and 
herbs or some unique functional properties are often heat sensitive, the normal heat 
sterilization process cannot be used to lower viable cell counts. Hot ethanol vapor is 
suggested as an alternative to gaseous sterilization that works effectively with whole 
seeds. Acidification with hydrochloric acid followed by neutralization is another 
chemical method that is only utilized in a limited range of commodities. Microwaves 
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however, have little practical application: the heating is seriously hindered at low 
moisture content of dry commodities (ICMSF, 2005).   
Pafumi (1986) reported standard plate count of spices ranged from less than 2 
log10/gm in cayenne pepper and cloves to 8 log10/gm in black peppercorns. Only cloves 
and cayenne pepper were free from C. perfringens, B. cereus, Salmonella spp., coliform, 
and E. coli and low in mold count. Yet, peppercorns consistently had the worst 
microbiological contamination, containing high levels of all organisms tested. In C. 
perfringens isolation, it has ranged from TFTC (too few to count) in, for example, mint 
flakes to 4 log10/gm in Sarawak origin-FAQ black pepper. Julseth and Deibel (1974) 
reported that the total plate count, spore counts, proteolytic organisms, amyolytic 
organisms have similar counts, ranging from less than 3 log10 to 7 log10/gm while 
thermophilic, anaerobic organisms and yeast and mold counts only reached 1 to 5 
log10/gm. Black pepper also showed highest level of contamination. Van Doren et al. 
(2012) surveyed imported spices offered for entry to the U.S. during 2007-2009. A wide 
diversity of Salmonella serotypes was isolated from spices, in which no specific serotype 
contributed to more than 7 % of the isolates. A larger proportion of shipments of spices 
derived from leaves or fruit/ seeds of plants were found positives than from the bark/ 
flower of spice plants.  
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2.3 Objectives 
 Determine C. perfringens spore levels in U.S. retail spices 
 Determine the presence of enterotoxin gene in C. perfringens isolates from spices 
and their ability to express the enterotoxin 
 Evaluate physical characteristics of selected isolated C. perfringens spores 
 Evalauate the potential growth from spores of enterotoxin-positive isolates of C. 
perfringens  from spices in a model food system.  
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CHAPTER 3 
MATERIAL AND METHODS 
3.1 Isolation from spices 
A total of 247 of bulk and packaged spice samples obtained from retail stores in 
the western, southeastern, southern, and northeastern areas of the U.S. were examined. 
One gm of the spice was homogenized with 9 ml 0.1 % peptone water for 60 seconds in a 
Seward Stomacher 400. The homogenized sample was then heated in 75 oC water bath 
for 10 min to kill any vegetative cells, cooled and further diluted with 0.1 % peptone 
water.  
A 3-tube MPN was performed with each of the 9 tubes containing 9 ml of iron 
milk (FDA, BAM). One ml of each dilution was inoculated to each 3 sets of MPN tubes. 
The tubes were incubated at 37oC overnight. The presumptive tubes were streaked on 
egg-yolk-free TSC (Oxoid) medium and then double layered, incubated anaerobically at 
37 oC overnight. Isolated black colonies were picked and transferred to Cooked Meat 
Medium (CMM; Difco), incubated at 37 oC overnight, and kept frozen in CMM for 
further analysis.  
3.2 Confirmation Tests 
Three confirmation tests – motility, nitrate reduction lactose fermentation, and 
gelatin liquifaction, were performed to distinguish C. perfringens from other closely-
related Clostridium species (FDA, BAM).  
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3.3 Motility and Nitrate Reduction  
To obtain active cultures, one drop from CMM was inoculated into 10 ml tubes of 
Fluid Thioglyollate (FTG) and held overnight at 37C.  Motility-nitrate medium was stab-
inoculated from FTG as described in FDA BAM. An additional 0.5 % each of glycerol 
and galactose were added to improve the consistency of the nitrate-reduction reaction 
with different strains of the organism. Tubes were incubated at 37oC for 24 hr. Since C. 
perfringens is nonmotile, growth only occurs along the line of inoculum.  The test for 
reduction of nitrate to nitrite involves the addition of sulfanilic acid and N-
ethylenediamine reagent. A red or orange color indicates reduction of nitrate to nitrite. 
Since color produced may fade or disappear within minutes, the result are recorded as 
soon as color appears. If no color develops, the test for presence of remaining nitrate is 
done by adding small amount of zinc dust. If color develops, nitrate has not been reduced.  
3.4 Lactose Fermentation and Gelatin Liquifacation 
Isolates were grown overnight at 37°C in FTG.  Each was stab-inoculated from 
FTG into lactose gelatin medium ( FDA BAM) and incubated at 37 oC for 24 hr. Lactose 
fermentation is indicated by gas bubbles and a change in color of the medium from red to 
yellow. Gelatin usually is liquefied within 24 hr.  
3.5 PCR 
Presumptive positive C. perfringens isolates were tested for the presence of the 
enterotoxin gene (cpe). The presence of the lecithinase gene (alpha toxin) was used as an 
additional confirmation step for C. perfringens.  
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100 l of isolates from CMM were heat activated at 75 oC for 10 min. in 10 ml of 
modified Fluid Thioglycollate medium (prepared without the normal presence of 0.075% 
agar and resazurin) and incubated overnight at 37°C. One hundred µl of the overnight 
culture was transferred into a fresh tube of 10 ml of modified FTG and incubated at 37 oC 
until mid-log phase (approximately 3.5- 4 hours).   Template DNA was prepared as 
described previously (Ankolekar et al., 2015). 
3.6 Sporulation 
One ml of an overnight culture in FTG medium was introduced into 100 ml 
Duncan and Strong (1968) sporulation medium. Each one of four peptone sources was 
combined with one of the four different carbohydrates to determine the best sporulation 
rate. Incubation was for 7 hr at 37oC. Spores were only harvested if at least 70% 
sporulation was observed as seen under phase-contrast microscopy. Caffeine (0.1 mM) 
was added if poor sporulation was observed (Labbe and Nolan, 1981).   
3.7Enterotoxin Assay  
The presence of C. perfringens enterotoxin (CPE) is determined in lysed cell 
extracts by reversed passive latex agglutination (RPLA) using a commercially-available 
kit (Oxoid).  
3.8 Spore Heat Resistance 
A tube of 9ml of 0.1 mM sodium/potassium phosphate buffer, pH 7, was placed 
in a 95 oC water bath 5 min before the trial. One ml of the spore suspension (7 log10 
spores/ml) was added to the preheated tube and mixed.  One-tenth ml was immediately 
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removed as a time zero point.  Further 0.1 ml samples were removed at each time point, 
serially diluted, and pour-plated using a medium which contained 1.5 % of Trypticase, 1 
% yeast extract, and 1.5 % agar.  Plates were incubated at 37C for 48 hours.    
3.9 Inoculate Pack/Challenge Study 
Fifteen gram of 90% lean ground beef from local grocery store was autoclaved in 
a 20 ml scintillation vial and cooled overnight. A three-strain spore cocktail was prepared 
using isolates with similar germination and growth rates. One hundred l of 6 log10 spore 
suspension (total 5 log10) were inoculated into 3 locations in the center of the ground beef 
using a Hamilton syringe. Two scintillation vials were removed at each time point. Each 
vial was transferred to a stomacher bag and mixed with 135 ml of 0.1% peptone water.  
Following stomaching, 1 ml was serially diluted, and pour-plated using a medium which 
contained 1.5 % Trypticase, 1 % yeast extract, and 1.5 % agar.  Plates were incubated at 
37°C for 24 hours. Growth at 20°C was also assessed using a common laboratory 
medium, fluid thioglycollate medium (FTG).  Previous work has shown that C. 
perfringens grows more rapidly in autoclaved ground beef than in a laboratory medium 
(Willardsen et al., 1979).  
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CHAPTER 4 
RESULTS  
4.1 Levels of C. perfringens in Spices 
Table 4 represents the results from 3-tube MPN analysis of U.S. retail spices in 
iron milk medium incubated at 45 oC overnight and the results of PCR for the lecithinase 
gene (cpa) as well as for cpe Fifty-five presumptive positive isolates were then confirmed 
with traditional biochemical confirmation tests as well as by PCR for cpa. Together, 
levels of C. perfringens spores ranged from 3.6-2400/gm. 
Lecithinase is a key characteristic of all C. perfringens types while only strains 
carrying cpe gene can produce enterotoxin. Forty-three confirmed isolates (17% of total 
samples) were cpa-positive. Of those, 27 (63%) were cpe-positive.  This is higher than 
the reported incidence of cpe-positive C. perfringens isolates from retail (non-outbreak) 
foods (< 5%). 
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  Table 4.1:  Levels of C.  perfringens spores from retail spices and associated alpha 
toxin and enterotoxin genes (cpa and cpe) (continued onto next page) 
Sample 
No. Spice name MPN /g 
alpha toxin gene 
(cpa) 
enterotoxin gene 
(cpe) 
18 Taco Seasoning 93 + + 
28 Gourmet Peppercorn 3.6 + + 
30 Thyme 23 + + 
31 Oriental Five Spices 43 + + 
32 Cayenne Pepper 240 + + 
33 Pumpkin Pie Spice 3.6 + - 
34 Black Pepper 23 + - 
38 Italian Seasoning 240 - - 
41 Pickling Spice 3.6 + - 
43 Anise Seed 23 + + 
45 Cajun Spice Seasoning 7.4 + + 
62 Garlic 9.4 + + 
63 New Mexico Chili Powder 93 + + 
64 Ancho Chili Powder 93 + + 
66 All Spice 3.6 + - 
68 
Gourmet Natural seasoning 
(multiple spices) 3.6 + 
- 
75 Minced Onion 3.6 +  
76 Yellow Mustard Seed 3.6 + + 
78 Poultry Seasoning 93 + + 
80 Pickling Spice 3.6 + - 
85 Onion soup + dip mix 3.6 - - 
87 White Pepper ground 43 + - 
89 Onion Powder 15 + - 
112 Cardamom Seed 240 + - 
114 Cayenne Powder 3.6 - - 
115 Muchi Curry Powder 23 + - 
118 Coriander Seed 3.6 - - 
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119 Celery Seed 9.2 - - 
124 Anise Seed 3.6 - - 
137 Basterma Spices Brand 43 - - 
139 Crushed Red Pepper Brand 3.6 + + 
141 Chicken Spices Brand 93 + + 
145 Shwarma Seasoning Brand 43 - - 
150 Turmeric pwder Brand 2400 + + 
154 Fennel Seeds Brand 9.2 + + 
158 Whole Black Pepper Brand 21 + + 
161 Ajwain Dal 3.6 + + 
162 
Jaifal Powder (Nutmeg) 
Brand 9.4 + + 
164 Rasam Powder Brand 9.2 + + 
191 Ground White Pepper 240 - - 
206 Garlic Powder 240 + + 
211 Fennel Powder 3.0 - - 
218 Fennel Seed 9.2 + + 
222 Cajun Seasoning 93 + + 
223 Garam Masala 23 + - 
226 Paya Curry Mix 23 + + 
227 Spices for Dopiaza 23 + - 
228 Spice Mix for Korma Curry 3.6 + - 
229 Nihari Curry Mix 3.6 + + 
232 Curry Powder Hot 3.6 - - 
236 
Organic Ground Black 
Pepper 7.4 + + 
238 Organic Anise Ground 3.6 + + 
239 Organic Ground Cumin 6.2 + - 
245 Organic Paprika 3.6 + - 
246 Organic Cayenne Pepper 3.6 - - 
Total spices tested: 247 43 (17.4%) 27 (62.8%) 
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4.2 Growth of C. perfringens 
Figure 1 shows a representative growth curve of C. perfringens strain H3 at 37 
oC.  DNA extracts of each presumptive isolates were prepared from mid-log cells.  
(OD600 at 0.7) 
 
Figure 4.1: Growth curve of C. perfringens at 37°C 
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4.3 Enterotoxin Assay 
 Table 4.2 indicates amount of toxin produced by both spice isolates and outbreak 
(control) strains. In isolates from spices, enterotoxin produced ranged from 2 ng/ml to 16 
ng/ml. In control strains, all four of the tested strains produced toxin beyond detection 
limit (1024 ng/ml).  
Table 4.2:   Enterotoxin production in selected isolates and controls 
 Sample No. Toxin Produced (ng/ml) 
# 18 8 
# 28 4 
# 30 4 
# 31 4 
# 32 16 
# 45 2 
# 78 16 
 
Enterotoxin Positive 
Control Strains 
Toxin Produced (ng/ml) 
H3 >1024 
1041 >1024 
5603 >1024 
153 >1024 
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4.4 Sporulation Medium  
Different strains of C. perfringens prefer different peptone sources and 
carbohydrates as shown in Table 7. Five different peptone and four sugar combinations 
were examined. The best combination (Table 4.3) was chosen when sporulation rate 
reached 70% or more after 7 hours of incubation at 37oC.  No caffeine was required to 
help elevate sporulation rate in all the tested strains.  
Table 4.3:  Peptone and carbohydrates used for sporulation of each C. perfringens 
strain 
Strain Peptone Source Carbohydrate Source 
H3 Potato peptone Raffinose 
1041  Difco proteose peptone ICN soluble starch 
5603 Sigma peptone Difco soluble starch 
153 Sigma peptone ICN soluble starch 
# 18 Sigma peptone Difco soluble starch 
# 30  Difco proteose peptone Difco soluble starch 
# 31 Sigma peptone Difco soluble starch 
# 32 Sigma peptone Difco soluble starch 
# 45 Potato peptone Difco soluble starch 
# 78 Sigma peptone Raffinose 
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4.5 Physical Structure of Spores 
Shown in Fig 1 are mature spores as seen by scanning electron microscopy. The 
surrounded transparent exterior layer (arrows) (“candy-wrapper”) is likely material 
derived from the cell wall of the mother cell sporangium.   The “candy wrapper” 
remained when spores were treated for one hr with 0.5 % SDS before examination by 
SEM suggesting it is not composed of membrane from the sporangium.  Exosporia have 
not been seen in C. perfringens.  Bacillus spp. typically possess an exosporium which is 
different in appearance than the “candy wrapper” (Ankolekar and Labbe, 2010).  
24 
 
.   
Figure 4.2: Scanning electron micrograph of isolate # 78 
The “candy wrapper” showed a highly conserved hexagon structure (Fig. 4.3, left 
lower panel) as shown by symmetrical white dots while the background exhibited no 
structural formation (right lower panel).  (Note: this difference is more obvious in the 
digital image).  
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Figure 4.3:  Background analysis of electron micrograph of isolate # 78. Left square: 
“candy wrapper”; right square: background grid 
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4.6 Inactivation of C. perfringens spores by heat 
D value is defined as time required to kill 90% of cells. In this trial, spore samples 
were heated in a 95 oC water bath (Table 4.4).  Isolate # 45 survived more than 6 hr and 
therefore beyond limits of calculation. The use of an oil bath with heating >100 oC should 
be performed in order to investigate its D value.  
  The enterotoxin gene (cpe) can be located on a plasmid or the chromosome. The 
heat resistance of spores with cpe on a plasmid is less than of isolates where cpe is on the 
chromosome (Sarker et al. 2000).  Strains carrying cpe on the plasmid (plasmid cpe 
control strain FD 5603) presented significantly lower D95°C value (<5 min) than 
chromosomal-cpe control, strain FD 1041, D95°C value (>40 min) (Table 4.4). Thus, 
sample isolates # 28, # 30, # 31, # 78 can be inferred to be carrying the enterotoxin on a 
plasmid and # 45 to have a chromosomal enterotoxin gene. 
Table 4.4: D95°C values (min.)  
strains  Without Lysozyme With Lysozyme 
# 28 3.31 5.82 
# 30 1.19 1.33 
# 31 1.77 2.52 
# 45 TBD* TBD* 
# 78 0.98 1.95 
5603a 2.11 5.61 
1041b 43.48 38.61 
*To be determined. 
aplasmid-located cpe control strain 
bchromosomal-located cpe control strain 
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After prolonged incubation (78 hr) satellite colonies appeared surrounding 
surviving spores (colonies) s shown in Fig. 4.4. The appearance of satellite colonies 
following heat inactivation of C. perfringens spores has been previously reported. C. 
perfringens is able to produce an extracellular initiation protein (IP) that can act on the 
spore cortex promoting germination of spores with inactivated cortex-lytic enzyme. This 
spore-lytic-like enzyme can help C. perfringens recover from thermal injury of Types A, 
B, C, and D C. perfringens as well as Type A (Labbe and Chang, 1995).  The IP has been 
partially purified and characterized (Labbe et al., 1981; Labbe and Chang, 1995;Tang and 
Labbe, 1987 ).  
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Figure 4.4: Satellite colonies of C. perfringens surrounding colonies from spores 
surviving heat treatment at 95 oC.  Surviving colonies are seen surrounding mother 
colony 
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4.7 Recovery of heat-injured C. perfringens spores by lysozyme 
Lysozyme, added to the plating medium, promotes recovery of C. perfringens 
spores from thermal-injury by a manner similar to IP , i.e., by replacing the inactivated 
spore-lytic enzyme (Duncan et al., 1972). The original recovery phenomenon using 
lysozyme was first reported by Cassier and Sebald (1969).  The ability of lysozyme to 
promote recovery from thermal injury was investigated here using spores of spice isolates 
(Table 4.4).   For example, an approximate 2 log10 difference was seen in counts of 
spores heated for 4 min at 95°C (Fig. 4.5) with and without lysozyme. 
 
 
Figure 4.5:  Recovery of heat injured C. perfringens spores by lysozyme; colonies 
were counted after 48 hr at 37C.  Duplicate trials shown 
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4.8 Inoculate Pack/Challenge Study  
A mixture of spores of three spice isolates were selected based on similar 
germination and growth rates and were used as a “cocktail” in the challenge studies. One 
hundred µl of the spore mixture were injected into the center of 15 g of 90% lean ground 
beef in a 20 ml scintillation vial. Vials were then incubated at 37°C. Duplicate vials were 
removed at each time point, serially diluted, and pour-plated as described in Materials 
and Methods.  
 
 
 
4.8.1 Growth from spores of C. perfringens spice isolates 
One hundred l of 3 strains of a spice isolate cocktail (# 31, # 32, and # 45) were 
injected into the center of 15 g 90% lean ground beef in a scintillation vial. Figure 4.6 
showed the growth from spores of the spice isolate cocktail at 37oC.  Fig. 4.7 is the 
regression line of the logarithmic phase of the growth curve. Germination and lag phase 
took approximately 4 hr, followed by rapid outgrowth. The optimum growth rate was 
observed between 4 to 5 hr after inoculation with a doubling time of 6.82 min.  The 
shortest generation times which have been observed in our laboratory in the past is 7.1 
and 6.5 min. from experimental data and the Gompertz equation  respectively at 41°C 
using strain NCTC 8798, which possesses chromosomally-located ent (Labbe and Huang, 
1995). 
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Figure 4.6: Growth from spores of C. perfringens in autoclaved hamburger 37oC. A 
three-strain mixture of spores isolated from spices was used as an inoculum 
 
 
Figure 4.7: Regression line of log phase of growth (Fig. 5) from spores of spice 
isolates incubated at 37oC 
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4.8.2 Growth of plasmid-borne ent control strains of C. perfringens (FD-5603 and 
FD-153) in autoclaved hamburger at 37oC 
One hundred l of a cocktail two control strains of plasmid-located ent (FD-5603 
and FD-153) were injected into the center of 15 g 90% lean ground beef in a scintillation 
vial. Figure 4.8 showed the growth of control cocktail from spores at 37oC.  Fig. 4.9 is the 
regression line of the partial growth curve that exhibited shortest generation time. 
Germination and lag phase took approximately 5 hr, followed by rapid outgrowth. The 
optimum growth rate was observed between 5 to 8 hr after inoculation with doubling time 
of 15.98 min. This is greater than the generation times of the spice isolates (Fig.4.6) 
 
Figure 4.8: Growth from spores in hamburger of a mixture of plasmid-borne ent 
control strains (FD-5603 and FD-153) of C. perfringens at 37 oC 
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Figure 4.9:  Regression line of log phase of growth (Fig. 4.8) of control strains with 
plasmid ent in hamburger at 37 oC 
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4.8.3 Growth from spores at 20 oC  
A hundred l of spore suspension was injected into either the center of 15 g 90% 
lean ground beef or fluid thioglycollate medium, FTG, in a scintillation vial. Figure 4.10 
showed the growth from spores of a cocktail of spice isolates, plasmid-borne ent controls, 
or a chromosomal-borne ent control, H3, a/k/a NCTC 8239 at 20oC as well as at 37oC.  
No growth was observed if incubated at 20oC even for extended hours. In addition, no 
growth was observed at 20°C in a standard laboratory medium (FTG) routinely used for 
growth of C. perfringens (Fig.4.11).  
 
Figure 4.10: Growth from spores of a cocktail of spice isolates, plasmid controls 
(FD-5603 and FD-153) and a chromosomally-located ent control (strain H3, a/k/a, 
NTCT 8239) in ground beef incubated 20o and 37°C 
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Figure 4.11: Growth from spores of spice isolates, plasmid-located ent control) and 
chromosomally-located ent strain control H3 (a/k/a NCTC 8239), in a laboratory 
medium (FTG) incubated at 20oC 
 
 Results indicate that C. perfringens isolates from spices germinate and grow 
readily at 37°C.  Growth of C. perfringens at 20°C is within the presumed growth range 
for this organism (Labbe, 1989).  It is not clear why no growth was observed at 20°C in 
this work. 
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CHAPTER 5 
FUTURE WORK 
It would be desirable to confirm the location of the enterotoxin-positive isolates 
from spices using previously-described PCR methods.  The heat sensitivity of spores of 
most of the spice isolates examined suggests a plasmid location.  Despite repeated 
attempts, the published method (Wen et al., 2003) for distinguishing the ent gene location 
by PCR methods was unsuccessful.  Further work should also examine the potential of C. 
perfringnes to grow at 20°C using a greater number of various geneotypes, i.e., 
enterotoxin-negative as well as plasmid- and chromosomally-located ent strains.  
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